Streptomyces coelicolor
series of RppA mutants using diverse unnatural acyl-CoA substrates revealed the unique role of malonyl-CoA as starter unit substrate for RppA, leading to the development of a novel stericelectronic constraint model.
Type III polyketide synthases (PKSs)
2 represent the structurally simplest member of the PKS superfamily (1, 2) , which also consists of the giant modular multifunctional type I PKS (3, 4) and the discrete multienzyme type II PKS (5, 6) . Since the discovery of the first type III PKS, chalcone synthase (CHS), in the 1970s (7), a growing number of type III PKSs have been identified in plants (8 -10) , bacteria (11) (12) (13) , and fungi (14) . All members of the family characterized to date share some common structural and mechanistic features (2) including a homodimeric architecture, similar subunit molecular mass (40 -47 kDa), analogous active site structure, a conserved CysHis-Asn catalytic triad (thus a common reaction mechanism), and the utilization of acyl-coenzyme A (acyl-CoA) thioesters as substrates instead of the acyl-carrier protein-linked substrates employed by type I and II PKSs. To diversify polyketide product output, type III PKSs have evolved to use a wide range of natural acyl-CoA substrates. For example, the plant type III PKSs, which share 60 -95% amino acid identity (2), utilize a variety of different substrates ranging from aliphatic-CoA to aromaticCoA, from small acetyl-CoA (2-pyrone synthase in Gerbera hybrida) (15) to bulky p-coumaroyl-CoA (Medicago sativa CHS) (16) or from the polar malonyl-CoA (Aloe arborescens pentaketide chromone synthase) (17) to the relatively nonpolar isovaleroyl-CoA (Humulus lupulus phlorisovalerophenone synthase) (18) .
Interestingly, the more divergent bacterial type III PKSs (with as low as 20% amino acid identity) utilize a much narrower pool of natural acyl-CoA substrates than their relatives in plants (1, 2) . Specifically, RppA from either Streptomyces coelicolor or Streptomyces griseus (19, 20) , Pseudomonas fluorescens PhlD (21) , and Amycolatopsis mediterranei DpgA (22, 23) coincidentally employ malonyl-CoA as their physiological starter unit, although alternative starter substrates are known to be accepted by these enzymes (24, 25) . Such limited physiological substrate specificity may be misleading because of a paucity of information on functionally identified bacterial type III PKSs (12, 26, 27) , a reflection of the short period of time since their discovery. Alternatively, the more limited substrate variability of bacterial type III PKSs might reflect convergent evolution within this family resulting from the more limited availability of acyl-CoA building blocks in prokaryotes compared with eukaryotes. With respect to the limited "building block" diversity in bacteria, it is intriguing that such seemingly divergent bacterial type III PKSs utilize a common starter unit. Understanding the convergence of bacterial type III PKS structure and function could provide important insights into substrate preferences and specificity, potentially enabling expansion of the repertoire of unnatural substrates and thus the creation of functionally diverse and novel natural products.
S. griseus RppA (Sg-RppA) has provided substantial fundamental information about the catalytic properties of the type III PKS subfamily as the first functionally characterized bacterial enzyme of its class (19, 28) . The physiological reaction (Fig. 1A) is initiated by loading a malonyl-CoA molecule covalently onto the catalytic Cys 138 of the RppA polypeptide. Four acetyl-CoA extender units, generated from decarboxylation of malonylCoA, are then added sequentially to the elongating linear intermediate via Claisen condensation. Finally, the linear pentaketide intermediate is cyclized and aromatized to form 1,3,6,8-tetrahydroxynaphthalene (THN), although the mechanism of this termination step remains unclear. During growth of the linear polyketide intermediate, the terminal carboxyl group is presumably derived from the starter malonyl-CoA and is prevented from premature decarboxylation, which would result in derailment to acetyl-CoA or triacetic acid lactone (TAL; 4-hydroxy-6-methyl-2-pyrone) via intramolecular cyclization (Fig. 1A) .
The importance of the active site Tyr 224 residue in the first step of this reaction relating to starter unit specificity of SgRppA was previously identified through analyzing the ability of a series of mutants to produce THN (28) . It was revealed that although the aromatic amino acid Trp or Phe replacement of Tyr 224 is tolerated by Sg-RppA, other Tyr 224 mutants including Y224L, Y224G, and Y224C are inactive. In contrast, these mutants are functional when hexanoyl-CoA or phenylacetylCoA is presented as a nonphysiological starter unit. On the basis of these observations, Funa et al. (28) proposed that Tyr 224 in Sg-RppA is critical for starter unit (malonyl-CoA) selection. Interestingly, this Tyr residue is also conserved in DpgA and PhlD (supplemental Fig. S1 ), the other two functionally identified bacterial type III PKSs that utilize malonyl-CoA as the physiological starter unit. The function of Tyr 224 in RppA was further discussed by Austin et al. (29) upon analyzing the crystal structure of S. coelicolor RppA (Sc-RppA), which is the closest relative to S. griseus RppA (67% amino acid identity) and catalyzes an identical series of reactions. In the 2.22 Å crystal structure, Tyr 224 was found at the surface of the active site pocket of Sc-RppA (8.5 Å away from the catalytic Cys
138
) and was believed to exert a horizontal steric constraint to the first entering malonyl-CoA through its bulky side chain, thereby positioning the starter unit at a favorable location (near the catalytic Cys 138 ) by limiting conformational freedom. Accordingly, the small amino acid Gly cannot play a similar role. Thus, when the position corresponding to Tyr 224 is occupied by a Gly in CHS (supplemental Fig. S1 ), this plant type III PKS cannot use malonyl-CoA as a starter unit. It is evident that the Gly residue provides additional space for accommodating the bulky substrate p-coumaroyl-CoA (30, 31) . This volume-modulating model for substrate specificity is currently well accepted (2, 31) . However, it has remained unclear how inactive Tyr 224 mutants (Y224L, Y224G, and Y224C) enable selection of unnatural acylCoAs as the starter unit substrate in Sg-RppA.
Although Sc-RppA and Sg-RppA are highly homologous and possess nearly identical active site compositions, Sc-RppA was reported to have higher tolerance toward unnatural acyl-CoA starter units than Sg-RppA (25) . For example, both acetyl-CoA and benzoyl-CoA were substrates for the Sc-RppA yet were not accepted by Sg-RppA (24) . Thus, considering the broader flexibility, together with the corresponding x-ray crystal structure, Sc-RppA represents a compelling target for the study of substrate specificity because of its ability to accept various unnatural substrates, especially acyl-CoAs, which cannot be utilized by Sg-RppA.
In the current study we generated a series of point mutations at the Tyr 224 residue in Sc-RppA and compared the resulting product profile to the wild type (WT) enzyme. To elucidate further how this residue determines substrate selectivity, acetoacetyl-CoA, acetyl-CoA, hexanoyl-CoA, and benzoyl-CoA, which, respectively, represent the spectrum of similar, smaller, and larger (aliphatic hexanoyl-CoA and aromatic benzoylCoA) substrates compared with malonyl-CoA, were examined as unnatural acyl-CoA starter units by both WT and Tyr 224 mutant forms of Sc-RppAs. Moreover, the correlation between substrate loading and product formation of these enzymes was examined by radioactive substrate binding analysis. This investigation confirmed that the inability of Tyr 224 mutants to synthesize THN results from failure to load malonyl-CoA onto the catalytic Cys residue as opposed to failure of subsequent chain elongation, cyclization, or product release steps.
EXPERIMENTAL PROCEDURES
S. coelicolor RppA Gene Cloning-Genomic DNA was prepared from S. coelicolor A3 (2) using a Wizard genomic DNA purification kit (Promega). The Sc-RppA gene was amplified by PCR under standard conditions with a pair of primers as follows: forward, 5Ј-AATCATATGGCGACTTTGTGC-3Ј (the underlined bases represent the introduced NdeI site for further cloning); reverse, 5Ј-AATAAGCTTTCATGCCTGCCTGC-CTCACCC-3Ј (the underlined letters indicate a HindIII restriction site for later cloning). The full-length cDNA encoding Sc-RppA was rescued by double digestion of NdeI and HindIII. The fragment containing Sc-RppA gene was ligated into previously NdeI/HindIII-digested pET-28b(ϩ) (Novagen) to generate the recombinant plasmid pET-28b(ϩ)-Sc-RppA. This construct was then transformed into Escherichia coli BL21(DE3) for protein overexpression. The accuracy of the inserted Sc-RppA gene was confirmed by nucleotide sequencing.
Site-directed Mutagenesis, Protein Overexpression, and Purification-Site-directed mutagenesis was performed according to the QuikChange (Stratagene) protocol with pET-28b(ϩ)-ScRppA as template. The PCR-amplified plasmids containing mutations were verified by DNA sequencing and then directly used for transforming the protein overexpression strain E. coli BL21(DE3). The resulting transformants were grown at 37°C overnight in Luria broth containing 50 g/ml kanamycin, and 10 ml of culture was used to inoculate 1 liter of Terrific Broth containing 50 g/ml of kanamycin. The Terrific Broth culture was incubated at 37°C for 3ϳ4 h until A 600 reached 0.6 -1.0. Then, gene overexpression was induced by adding isopropyl-␤-D-thiogalactopyranoside to a final concentration of 0.1 mM and cultured at 18°C overnight. The culture was centrifuged at 4,000 ϫ g for 10 min to collect cells. The freeze-thaw cell pellet was resuspended in 40 ml of lysis buffer (250 mM NaCl, 50 mM NaH 2 PO 4 , 10 mM imidazole, 20% glycerol, pH 7.9), and the cell lysate was prepared by lysozyme digestion at 1 mg/ml for 30 min with subsequent sonication. Cell debris was removed by centrifugation at 15,000 ϫ g for 30 min, and the soluble fraction was mixed with 2 ml nickel-nitrilotriacetic acid-agarose (Qiagen) for 1 h at 4°C. The slurry was loaded onto an empty column. The column was then washed stepwise with 20 ml of lysis buffer and 40 -60 ml of wash buffer (250 mM NaCl, 50 mM NaH 2 PO 4 , 40 mM imidazole, 20% glycerol, pH 7.9). The His 6 tag bound proteins were eluted with elution buffer (250 mM NaCl, 50 mM NaH 2 PO 4 , 200 mM imidazole, 20% glycerol, pH 7.9). The target protein was further purified and concentrated with YM-10 centrifuge filters (Amicon). Finally, the elution buffer was exchanged for storage buffer (250 mM NaCl, 50 mM NaH 2 PO 4 , 20% glycerol, pH 7.4) with a PD-10 column (GE Healthcare), and the resulting product concentrations were measured by Bio-Rad protein assay kit using bovine serum albumin as standard. Purity and molecular mass were examined by standard SDS-PAGE analysis.
RppA Enzymatic Assay-The standard assay containing 50 mM sodium phosphate (pH 7.4), 0.2 mM acyl-CoA starter, and 3 M WT or mutant RppA in a total volume of 100 l was initiated by adding malonyl-CoA to a final concentration of 0.5 mM and was quenched with the addition of 10 l of 6 M HCl after incubation at 30°C for 1 h. Small amounts of enzyme were removed by centrifugation at 16,100 ϫ g for 10 min. The supernatant was used directly as the sample for HPLC analysis. Reverse-phase HPLC conditions were as follows, using an XBridge C18 5-m column (4.6 ϫ 250 mm): the mobile phase for the malonyl-CoA-, acetyl-CoA-, and acetoacetyl-CoAprimed reaction was linear from 5 to 35% B (A ϭ deionized water ϩ 0.1% trifluoroacetic acid; B ϭ acetonitrile ϩ 0.1% trifluoroacetic acid) over 20 min, and the mobile phase for the hexanoyl-CoA-and benzoyl-CoA-primed reaction was linear from 20 to 70% B over 20 min; the UV detection wavelength was 280 nm for the malonyl-CoA-, acetyl-CoA-, acetoacetyl-CoA-, and hexanoyl-CoA-primed reactions and 320 nm for the benzoyl-CoA primed reaction, at a flow rate of 0.8 ml/min. The peak identity in HPLC trace was determined by mass spectrometry and comparison with authentic compounds regarding HPLC retention time and UV spectrum.
Enzyme Kinetics-We exploited the reported coefficient constant for THN at 340 nm (⑀ ϭ 18,000) (20) to obtain the steadystate kinetic parameters using a spectrophotometric method. The standard reaction buffered with 100 mM Tris-HCl (pH 7.5) containing the appropriate concentration of WT or mutant RppA in a total volume of 400 l was initiated by adding a series of concentrations of malonyl-CoA ranging from 1 to 100 M and was immediately monitored with a UV-visible spectrophotometer 300 Bio (Cary) at 30°C. The initial velocity of THN accumulation was deduced from the absorbance curve within the linear range. All measurements were determined in triplicate, and velocities determined under different malonyl-CoA concentrations were fit to the Michaelis-Menten equation to calculate the kinetic constants k cat and K m .
Radioactive Substrate Binding Assay-The optimized reaction contained 50 mM HEPES buffer (pH 7.4), 50 M [2-
14 C]malonyl-CoA (55 mCi/mmol) and 15.0 M WT or mutant enzymes in a total volume of 25 l. Reactions were quenched by the addition of 25 l of 2ϫ SDS gel loading dye after a 5-min incubation at 30°C. 10 l of each reaction mixture was analyzed by SDS-PAGE (15%). After staining, destaining, and drying the protein gel on filter papers, the radioactivity bound to the protein was determined by autoradiography following a 4-day exposure using a PhosphorImager (Amersham Biosciences).
RESULTS

WT and Mutant RppA Overexpression and Purification-
The substitution of Leu, Gly, Ala, Ser, Met, His, Cys, and Phe for Tyr 224 was conducted to explore the effect of locally modifying steric and electronic/polarity properties on starter unit loading. The WT enzyme and Tyr 224 series of RppA mutants were overexpressed in E. coli BL21(DE3) and purified to homogeneity. As shown by SDS-PAGE ( Fig. 2A) , the monomer of each purified protein migrated with a molecular mass of ϳ43 kDa. Interestingly, previously reported purification efforts of the corresponding Sg-RppA Y224S and Y224H mutants were unsuccessful due to insolubility (28) . This discrepancy might result from an intrinsic difference between these two RppAs, the type of cloning system or purification procedure used, or other variables. Nevertheless, each of the Sc-RppA mutant enzymes was expressed as a soluble polypeptide to enable more detailed analysis.
Mutant Activity Analysis-Using WT Sc-RppA as a positive control and the catalytic Cys mutants C138A and C138S as negative controls, we first examined the activities of the Tyr 224 mutants of Sc-RppA to utilize malonyl-CoA. The reactivity of each mutant was assayed by measuring the amount of accumulated THN by HPLC analysis. Because authentic THN is not isolable due to its rapid conversion to flaviolin (Fig. 1A) (19) , we elected to deduce the relative yield of THN by integration of the HPLC peak area using WT RppA enzyme as a reference. As shown in Fig. 3A , among the eight Tyr 224 mutants, Y224G, Y224S, and Y224H were unable to catalyze assembly of THN (as negative controls). The inactivity of Y224G is not surprising because Y224G of Sg-RppA was also an inactive mutant (28) . For Y224S (whose counterpart in Sg-RppA was insoluble), this inactivation could be attributed to horizontal expansion of the active site through replacement of a smaller side chain. However, it is currently unclear why the RppA Y224H mutant cannot synthesize THN from malonyl-CoA considering the size of the His side chain. In contrast, Y224F, Y224L, Y224C, Y224M, and Y224A retained 71, 67, 48, 16, and 3% of its activity, respectively, relative to WT Sc-RppA. A previous study reported Y224L, Y224C, and Y224A (but not Y224F) from Sg-RppA to be inactive toward malonyl-CoA (28) . To further probe the basis for this discrepancy, we prepared WT Sg-RppA (from S. griseus NRRL B-2682) and its corresponding Y224L mutant to compare their ability to generate THN. Surprisingly, this Y224L mutant produced an ϳ50% level of THN compared with WT Sg-RppA (supplemental Fig. S2 ). Therefore, this (re)examination of Y224L mutants indicates that the Leu replacement retains significant catalytic activity in both Sc-RppA and Sg-RppA.
As described, in addition to the major product THN, a low level of malonyl-CoA would be incorporated into two other derailment products (acetyl-CoA and TAL) because of premature decarboxylation of the oligoketide chain (Fig. 1A) . Because the synthesis of these by-products might provide new mechanistic insights into this type III PKS, we extended our analysis to the production of acetyl-CoA and TAL (Fig. 3B) . Specifically, the five partially active mutants (Y224F, Y224L, Y224M, Y224C, and Y224A) accumulated corresponding increased levels of TAL relative to WT Sc-RppA, suggesting the dual function of Tyr 224 . In addition to the contribution to substrate specificity determination, Tyr 224 potentially is able to influence the extent of polyketide chain elongation, thus affecting the partitioning of TAL formation. On the contrary, the mutants that lack an ability to synthesize THN were not able to accumulate TAL. This clearly indicates that the biochemical effect from the Tyr mutation occurs prior to formation of the triketide intermediate. Moreover, no CoASH was released (data not shown) strongly suggesting that these inactive mutants cannot load malonyl-CoA. Significantly, all Tyr 224 mutants (together with the negative controls) were capable of producing acetyl-CoA, which indicates that this residue has no significant influence on the decarboxylative activity of Sc-RppA. It was also noteworthy that the decarboxylative activities of both the C138A and C138S mutants were significantly higher than WT enzyme. Approximately, 24 and 75% of the malonyl-CoA substrate was converted to the terminal metabolite acetyl-CoA in the C138A and C138S mutant forms of ScRppA, respectively. A similar observation was reported previously in the C138A and C138S mutant forms of DpgA (23) .
Next, using acetoacetyl-CoA or acetyl-CoA as the starter substrate and malonyl-CoA as the extender unit, we observed that all Tyr 224 mutants (except for the negative controls C138A and C138S) were able to produce TAL from either acetoacetylCoA or acetyl-CoA (Fig. 4A ) via intramolecular lactonization of the triketide linear chain elongation intermediate (Fig. 1B) . The mutants with partial ability to generate THN produced significantly higher levels of TAL from either acetoacetyl-CoA or acetyl-CoA compared with WT Sc-RppA. We surmise that this was a result of the decreased loading efficiency of malonyl-CoA as a starter unit, resulting in a greater propensity for loading of alternative acyl-CoAs due to increased availability of the active site toward unnatural substrates. Moreover, these partially active Tyr 224 mutants still accumulated THN, leading to a production profile similar to that shown in Fig. 3A (data not shown), although the corresponding yields were lower because of competition of unnatural acyl-CoA against malonyl-CoA as starter unit. More importantly, the inactive Tyr 224 mutants including Y224H, Y224S, and Y224G were capable of accepting acetoacetyl-CoA and acetyl-CoA, resulting in a substantial accumulation of TAL with an incorporation rate ranging from 41 to 71% and 2 to 5% for acetoacetyl-CoA and acetyl-CoA, respectively. It was evident that the incorporation rate of acetoacetyl-CoA (41-85%) was significantly higher than acetylCoA (2-25%). For instance, by calculating the absolute yield of TAL using authentic material as a standard, we determined that 52% of acetoacetyl-CoA was converted to TAL by WT Sc-RppA, whereas only 5% of acetyl-CoA was found to be incorporated as TAL product (similar results were also observed in Sg-RppA (24) and PhlD (32)).
Finally, when we utilized hexanoyl-CoA or benzoyl-CoA as alternate starter units, the corresponding product profiles were comparable with those of acetoacetyl-CoA and acetyl-CoA generated by different Sc-RppAs (Fig. 4) . Specifically, the products hexanoyl triketide pyrone 3 and benzoyl triketide pyrone 4 of Y224F, Y224L, Y224M, Y224C, and Y224A were observed in significantly higher amounts. With respect to the inactive Tyr 224 mutants (Y224H, Y224S, Y224G), we demonstrated that they are also capable of synthesizing the corresponding triketide pyrones from hexanoyl-CoA and benzoyl-CoA, albeit at relatively low levels. In this analysis, however, we were not able to determine the incorporation rates due to lack of standard compounds.
Steady-state Kinetics of RppAs-The HPLC-based product profile analysis only provided qualitative information on the activities of Tyr 224 mutants. To better understand the effect of each mutation, steady-state kinetic parameters based on overall THN formation of WT Sc-RppA and the Tyr 224 mutants were determined ( Table 1 ). The kinetics of WT Sc-RppA (k cat ϭ 1.33 Ϯ 0.05 min The relative yields of hexanoyl triketide pyrone 3 and benzoyl triketide pyrone 4 were measured at 280 and 320 nm, respectively, by using WT enzyme as reference (100%). All reactions were duplicated.
were comparable with previous reports (20, 29) . The mutants Y224F, Y224C, Y224L, and Y224M exhibited an ϳ2-, 13-, 32-, and 42-fold decrease in the k cat /K m value, respectively. These results provide direct support for the significance of Tyr 224 on the substrate specificity of Sc-RppA. Concomitant with the increasing K m value, the mutation of this Tyr residue also decreased the turnover number (k cat ), implicating its potential influence on the catalytic steps that follow substrate loading. Furthermore, we also determined the kinetic constants of WT Sg-RppA to be k cat ϭ 2.84 Ϯ 0.07 min
, showing that Sg-RppA is more reactive toward malonyl-CoA than is Sc-RppA. Likewise, the Leu replacement of Tyr 224 in Sg-RppA decreased the substrate specificity constant by 148-fold (Table 1) .
Radioactive Substrate Binding to WT and Mutant Sc-RppAsAll previous data support the hypothesis that Tyr 224 in the active site of RppA is involved in substrate specificity determination (28, 29, 31) . However, direct evidence that Tyr 224 facilitates covalent linkage of the first malonyl-CoA to Cys 138 has been lacking. Previous work that revealed the inability of mutant Sg-RppAs to synthesize THN from malonyl-CoA could also result from successful loading but with an inability to catalyze polyketide chain extension, cyclization, or release of final product. To exclude these possibilities, radioactive malonylCoA was employed to detect the covalent radiolabel on WT or mutant RppA. Again, the Sc-RppA mutants C138A and C138S were included as negative controls. As expected, WT Sc-RppA and all Tyr 224 mutants capable of synthesizing THN (Y224F, Y224L, Y224A, Y224M, and Y224C) were successfully radiolabeled through the covalent acylation of Cys 138 with [2-14 C]malonyl-CoA (Fig. 2B) . Together with negative controls, Y224H, Y224G, and Y224S were not labeled by radioactive malonylCoA. This substrate binding profile is consistent with the THN production profile (Fig. 3A) , demonstrating the correlation between the starter substrate loading and product formation of Tyr 224 mutants. Notably, compared with radiolabeled mutants, the radioactive intensity of acylated WT Sc-RppA was significantly lower. This might result from fast turnover of WT enzyme, thus leading to more released intermediates and products, both of which carry radioactivity. Moreover, WT and Y224L mutant Sg-RppA were also labeled by radioactive malonyl-CoA in a similar assay (data not shown).
DISCUSSION
Recently, the first ligand-free crystal structure of the bacterial type III PKS Sc-RppA was reported (29) . However, until co-crystal structures bearing substrate, product, and chain elongation intermediates become available, the answers to three key mechanistic questions will remain outstanding. These include substrate specificity determination, polyketide chain length control, and mode of acyl chain cyclization. Dissection of these parameters currently depends primarily on biochemical analyses and modeling from CHS plant type III PKS. In the current study, we decided to revisit the role of Tyr 224 in the active site of Sc-RppA and used site-directed mutagenesis to replace it with a series of alternative amino acid residues to probe its effect on starter unit specificity.
Jez et al. (30) observed, via comparison of x-ray crystal structures, that a point mutation at Gly 256 (homologous to Tyr 224 in RppA) of CHS does not cause significant alteration in the conformation of the polypeptide backbone. Based on the similarity between CHS and RppA, we reasoned that our series of Tyr 224 substitutions would change only the local active site properties without inducing conformational changes. Surprisingly, our mutagenesis analysis results were significantly different from previous studies on the highly related type III PKS Sg-RppA (28) . A series of Tyr 224 mutants of Sc-RppA including Y224F, Y224C, Y224L, Y224M, and Y224A retained the ability to load malonyl-CoA and produce THN, although the catalytic activities were reduced. The current study demonstrates a higher tolerance toward certain amino acid changes at Tyr 224 (28) . Furthermore, we have demonstrated that the Leu replacement of Tyr 224 in Sg-RppA does not eliminate malonyl-CoA starter unit selectivity (and hence THN formation). Interestingly, this positional tolerance was also observed recently in two plant type III PKSs, including A. arborescens pentaketide chromone synthase (17) and octaketide synthase (33) , both of which harbor a Leu residue at the site corresponding to Tyr 224 in RppA (supplemental Fig. S1 ) and utilize malonyl-CoA exclusively to initiate their physiological reactions. This demonstrates that plant type III PKSs employ a different strategy than bacterial enzymes to favor malonyl-CoA as the physiological starter unit. Quantitatively, the reported catalytic efficiencies (k cat /K m ) of pentaketide chromone synthase and octaketide synthase with malonyl-CoA (k cat /K m ϭ 104 and 16 M Ϫ1 ⅐s Ϫ1 for pentaketide chromone synthase and octaketide synthase, respectively) (17, 33) are dramatically lower than those of the RppAs (k cat /K m ϭ 5739 and 44476 M Ϫ1 ⅐s Ϫ1 for Sc-RppA and Sc-RppA, respectively). The magnitude of the discrepancy suggests that Tyr might be the more highly optimized residue to favor malonylCoA with high efficiency. Correspondingly, we hypothesized that the Leu residue in these two plant type III PKSs might represent a compromise between malonyl-CoA incorporative efficiency and product complexity (or diversity), because the presence of a bulky residue at position 224 (such as Tyr) would presumably limit the number of chain extensions, thus impairing chemical diversity (30) . In addition, Rheum palmatum aloesone synthase (34) and G. hybrida 2-pyrone synthase (15, 31) possessing Leu at the homologous position (supplemental Fig. S1) can also generate products solely from malonyl-CoA, although their physiological starter unit is acetyl-CoA. This alternate conversion was previously thought to begin by decarboxylation of malonyl-CoA to generate acetyl-CoA (15) . The studies reported here suggest that these two enzymes can directly incorporate malonyl-CoA, which competes directly with acetyl-CoA. Furthermore, studies showing that G256L and G256F mutants of CHS are able to produce TAL solely from malonyl-CoA could be interpreted similarly (30) . Prior to the work reported here, the conservation and presumed role of Tyr 224 in bacterial type III PKSs indicated its importance in substrate specificity determination (28, 29) . However, the hypothesis for its function has been focused on steric factors. The bulky aromatic side chain is believed to be essential for recruiting malonyl-CoA to the thiol group of catalytic Cys through a horizontal steric constriction for the malonyl-CoA starter unit. In this study, we obtained experimental data that could not be explained clearly by this model. First, together with the active Tyr 224 mutants of Sc-RppA (Y224F, Y224C, Y224L, Y224M, and Y224A), all mutants (Y224G, Y224S, and Y224H) that were not able to use the physiological starter unit (malonyl-CoA) retained function toward diverse unnatural substrates including acetyl-CoA, acetoacetyl-CoA, hexanoyl-CoA, and benzoyl-CoA. Based on incorporation rates, all of these mutants displayed good activities toward acetoacetyl-CoA. This is not surprising considering that acetoacetyl-CoA is similar in size to malonyl-CoA. However, it remains unclear how Y224G, Y224S, and Y224H mutants are able to differentiate acetoacetyl-CoA from the isosteric malonyl-CoA. Second, we did not observe a correlation between the THN producing activity and the size of the replaced amino acid (Fig. 3A) . Unexpectedly, the substitution of a series of nonconservative amino acids with significantly smaller side chains for Tyr 224 (Y224C, Y224L, Y224M, and Y224A) was tolerated by Sc-RppA, which contradicts the described volume-modulating model (2, 31) for substrate specificity determination. For instance, in Y224C (one of the active mutants that continues to accommodate malonyl-CoA to produce THN), the small substituent Cys is isosteric to Ser; however the Ser mutation abrogated loading of the physiological starter unit (malonyl-CoA) based on radioactive substrate binding analysis. In contrast, modest modification of the active cavity volume by replacing Tyr 224 with His completely disabled the malonyl-CoA loading ability of the mutant type III PKS. These results suggest that there might be an additional type of mechanism other than steric constraints that influences linkage of the first malonylCoA to the catalytic Cys. We initially considered that the most significant difference between acetoacetyl-CoA and malonylCoA was the terminal electronic property of the latter substrate. Based on observations reported here, it appears that the terminal negative charge of malonyl-CoA could be recognized by RppA. However, the polarity discrepancy is unable to be distinguished by the steric property of Tyr 224 or other substituted residues at this position. Therefore, we propose that the hydrophobicity of Tyr 224 could contribute to the preference for malonyl-CoA. Compared with other unnatural acyl-CoA substrates, malonyl-CoA carries a terminal negative charge at physiological pH (ϳ7.5). Taking this electronic feature into account, when Tyr 224 is replaced by a hydrophobic amino acid such as Leu, Cys, Met, or Ala (although missing the bulky side chain of Tyr), the hydrophobic interaction between the nonpolar side chain and the charged malonyl-CoA could limit the conformational freedom of this starter unit, thus decreasing the entropy penalty of covalent bond formation to active site Cys. However, hydrophobicity does not correlate perfectly with the THN productivity (Fig. 3A) , indicating that steric factors remain important. Thus, the robustness of WT RppA likely derives from a combination of steric and electronic/polarity factors that favor malonyl-CoA. Additionally, the hydrophobic Y224A replacement generates only a slightly active mutant, possibly because of lack of steric effect to select the substrate. With respect to Y224H, the hydrophilic amino acid substitution might counteract the steric effect of its bulky side chain. Specifically, it is possible that the protonated His side chain could form an ionic interaction with the terminal negative charge of malonyl-CoA to prevent it from being linked to Cys 138 . Considering the current data, we propose that the ability of the malonyl-CoA-inactive mutants to accept unnatural acylCoAs that lack a terminal charge is governed by the hydrophobic interior of enzyme and the thermodynamically unfavorable conditions for delivering a formal charge there. Accordingly, an entropy compensation for substrate binding through limiting the conformational freedom of the substrate might be more stringent for the terminally charged malonyl-CoA than for other neutral unnatural acyl-CoAs.
In summary, we have demonstrated a surprising level of substrate tolerance involving a series of RppA Tyr 224 mutations including both aromatic and hydrophobic amino acids with medium or large side chains. Both steric and electronic constraints exerted by Tyr 224 in the active site are involved in facilitating the loading of the physiological substrate malonyl-CoA. In practical terms, re-engineering of plant and bacterial type III PKS to increase the preference for malonyl-CoA could be utilized to enable further product diversification. The identification of a number of active Tyr 224 mutants with lower turnover numbers could provide potential candidates for subtle presteady-state kinetic studies, enzyme-linked intermediate trapping, or co-crystallization efforts. Moreover, the Tyr 224 mutants that preferentially accept unnatural acyl-CoAs instead of malonyl-CoA could be applied for the production of novel pyrone products with higher yields.
